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(54) Gap tuning for surface micromachined structures in an epitaxial reactor 



(57) A method for adjusting with high precision the 
width of gaps between micromachined structures or de- 
vices in an epitaxial reactor environment Providing a 
partially formed micromechanical device, comprising a 
substrate layer, a sacrificial layer including silicon diox- 
ide deposited or grown on the substrate and etched to 
create desired holes and/or trenches through to the sub- 
strate layer, and a function layer deposited on the sac- 
rificial layer and the exposed portions of the substrate 
layer and then etched to define micromechanical struc- 
tures or devices therein. The etching process exposes 



the sacrificial layer underlying the removed function lay- 
er material. Cleaning residues from the surface of the 
device, then epitaxially depositing a layer of gap narrow- 
ing material selectively on the surfaces of the device. 
The selection of deposition surfaces determined by 
choice of materials and the temperature and pressure 
of the epitaxy carrier gas. The gap narrowing epitaxial 
deposition continues until a desired gap width is 
achieved, as determined by, for example, an optical de- 
tection arrangement. Following the gap narrowing step, 
the micromachined structures or devices may be re- 
leased from their respective underlying sacrificial layer. 
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Description 

Field of the Invention 

[0001] The present invention relates to manufacture 
of micromechanical structures, and relates in particular 
to a method for narrowing a gap between microma- 
chined structures on a device during manufacture in an 
epitaxial reactor. 

Background Information 

[0002] A method of depositing structural layers during 
manufacture of surf ace- micromachined devices some- 
times involves the use of an epitaxial reactor. Epitaxy is 
a process for production of layers of monocrystalline lay- 
ers of silicon over a single crystal substrate, and for 
forming polycrystalline silicon layers over other sub- 
strate materials, for instance Si0 2 films on silicon sub- 
strates. Epitaxial reactors may be operated with precise- 
ly controlled temperature and environmental conditions 
to ensure uniform deposition and chemical composition 
of the layer(s) being deposited on the target substrate. 
In addition to the precise control, use of an epitaxial re- 
actor may permit build-up of layers on a substrate at sig- 
nificantly higher rates than typically found with LPCVD 
(Low Pressure Chemical Vapor Deposition) systems. 
[0003] U.S. Patent No. 6,318,175 discusses an ap- 
proach to using epitaxial deposition to create a mi- 
cromachined device such as a rotation sensor. 
[0004] While the foregoing micromachining opera- 
tions or similar processes may provide acceptable prod- 
ucts for many applications, some applications may re- 
quire finer width gaps between the micromachined ele- 
ments on the device than can be provided by this proc- 
ess. Some applications may require, for instance, ob- 
taining higher working capacitances and/or electrostatic 
forces between micromachined structures. While etch- 
ing very narrow trenches to obtain desired narrow gaps 
has been attempted, these methods may require slower 
etch rates, may be limited in aspect ratio, and may be 
subject to limitations of the lithography and etching proc- 
ess. Similarly, germanium has been applied to produce 
narrow gaps, however, this process may have process 
compatibility limitations. 

[0005] Accordingly, there is a need for a process for 
manufacturing devices which provides product with in- 
ter-element gaps that may be precisely defined or 
"tuned" to meet the device design objectives, while still 
maintaining satisfactory production rates. 

Summary of the Invention 

[0006] According to an exemplary embodiment of the 
present invention, a method for precisely controlling the 
gap between micromechanical elements on a device, or 
"gap tuning," begins with a partially formed microme- 
chanical device, which may comprise a substrate layer 



of, for example monocrystalline silicon or a SiGe mix- 
ture. A sacrificial layer of, for example, Si0 2 may be de- 
posited on the substrate layer. A functional layer of, for 
example, epitaxially deposited silicon, may be etched 
5 after application to define micromechanical structures 
or devices thereon. 

[0007] Once the elements of the micromechanical 
structure or device have been defined in the function lay- 
er and the sacrificial layer, in situ cleaning of the device 

10 within the epitaxial reactor may be performed. The 
cleaning may be performed, for example, with hydrogen 
(H 2 ) to remove surface oxides, and/or with hydrochloric 
acid (HCI) to remove silicon residues and surface im- 
perfections resulting from the trench etching process. 

15 Following the cleaning step, gap tuning may be per- 
formed by selectively depositing an epitaxially-grown 
layer of silicon on the surface of the partially completed 
device, and in particular on the sides of the previously 
etched trenches defining the micromechanical elements 

20 in the function layer. As the gap-tuning layer is deposit- 
ed, the gap width may be monitored, for example with 
an optical end-point detection system. The gap tuning 
deposition may be halted when the inter-element gap 
has been narrowed to the desired extent. 

25 [0008] The precision control of the width of the gaps 
between the micromechanical elements on a device in 
the foregoing manner may provide several advantages 
including: ready compatibility with an epitaxial environ- 
ment and standard epitaxy equipment; high production 

30 rates due to the high layer deposition rates that may be 
achieved in an epitaxial reactor; and ready adaptability 
to use of different materials to be deposited on the mi- 
cromachined device, including monocrystalline silicon, 
polycrystalline silicon, a SiGe mixture, pure germanium, 

35 or silicon carbide. Furthermore, the deposited layers 
may be in situ doped. 

Brief Description of the Drawings 

40 [0009] 

Figs. 1a through 1f show cross-section and plan 
views of various stages of preparation of an exem- 
plary micromachined device. 

45 Fig. 2a illustrates an exemplary embodiment of the 
present invention showing the addition of material 
to the exemplary micromachined device. 
Fig. 2b illustrates an exemplary method for detect- 
ing the desired inter-element gap width. 

so Fig. 3 shows the exemplary embodiment of Figures 
2a and 2b undergoing sputtering to remove unde- 
sired epitaxially deposited material. 
Fig 4. is a flowchart illustrating steps for achieving 
the desired inter-element gap width in accordance 

55 with an exemplary embodiment of the present in- 
vention. 

Fig. 5 shows a cross-section of an exemplary de- 
vice having multiple layers. 
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Detailed Description 

[0010] According to an exemplary embodiment of the 
present invention, a method for gap tuning a microma- 
chined structure or device is provided. As shown in the 
cross-section view in Fig. 1a, the partially formed device 
is based on a substrate layer 1 of, for example, substrate 
silicon, upon which a sacrificial layer 2 of, for example, 
Si0 2 is deposited in an Low Temperature Oxide (LTO) 
process or thermally grown. Fig. 1b shows a cross-sec- 
tion view of the substrate/sacrificial layer combination 
of Fig. 1a after a pattern of holes or open areas 3 have 
been formed in sacrificial layer 2 using etching tech- 
niques, for example by application of a photo-sensitive 
material over the sacrificial layer, applying a mask with 
the desired etching pattern over the photo-sensitive ma- 
terial, exposing the masked surface to light, and then 
applying etchants to remove the exposed portions of the 
photo-sensitive material then the sacrificial Si0 2 under- 
neath the exposed portions. Fig. 1c shows a plan view 
of the partially formed device of Fig. 1b showing holes 
defined by the etching process through sacrificial layer 
2. The cross-section view in Fig. 1b is taken through the 
line IB-IB of Fig. 1c. 

[001 1] The partially formed device may then receive 
an epitaxially deposited function layer 4 of, for example, 
silicon, as shown in the cross-section view Fig. 1d. The 
portions 5 of the function layer 4 formed on the Si0 2 
have a polycrystalline structure, while the portions 6 of 
the function layer 4 formed on the silicon substrate layer 
1 have a monocrystalline structure. As shown in Fig. 1e, 
function layer 4 may then be etched in the previously 
described manner to define the micromechanical struc- 
tures or devices in function layer 4. This etching may 
include deep, narrow trenches 7 etched into the ex- 
posed portions of the photo-sensitive material and the 
underlying polycrystalline silicon of function layer 4. The 
trench etching processes may penetrate function layer 
4 possibly up to the Si0 2 of sacrificial layer 2. 
[001 2] Fig. 1f is a plan view of the partially formed de- 
vice showing micromechanical elements 8 defined by 
the etched trenches. The cross-section views in Fig. 1d 
and Fig. 1e are both taken through the line IE-IE, which 
also corresponds to line IB-IB of Fig. 1c. Deflection 
beam portions 9 of micromechanical elements 8 are 
shown in Fig. 1e extending from base portions 10 of mi- 
cromechanical elements 8. Base portions 10 may be 
firmly affixed to the silicon substrate 1 , while deflection 
beam portions 9 may rest upon, and may therefore be 
restrained by, underlying layer 11 of Si0 2 of sacrificial 
layer 2. This layer of sacrificial material needs to be re- 
moved to free deflection beams 9 to deflect from their 
rest position during operation of the micromechanical 
device. In an exemplary embodiment, after deflection 
beams 9 are freed they are free to deflect in a direction 
perpendicular to their longitudinal axes. This movement 
results in a change in gaps 7 between the beams, which 
may in turn cause detectable changes in the capaci- 



tance between the beams. 

[001 3] With the partially formed device manufactured 
to the point of having the trenches 7 etched through 
functional layer 4, the process of altering the width of 

s the gaps between micromechanical elements 8 to pre- 
cisely the desired gap may proceed. If a Si0 2 hard mask 
is present as a result of prior device fabrication steps, it 
may remain in place on the device, as it may be removed 
during the subsequent micromechanical element re- 

10 lease steps, and it may minimize the deposition of gap- 
filling material on the upper surfaces of the device, 
where it may not be needed. 

[0014] Following the cleaning steps, the gap tuning 
process may continue with deposition of an epitaxially 

15 grown layer of material such as monocrystalline silicon, 
polycrystalline silicon, germanium, and/or SiGe on the 
partially formed device. The preferred choice of material 
to be epitaxially deposited may be determined by the 
nature of the material to be coated and the geometry of 

20 the gap to be narrowed. For example, the function layer 
may be formed from monocrystalline silicon. The pre- 
ferred gap narrowing material may be carried in the epi- 
taxial environment by an H 2 flow. The environmental pa- 
rameters of the H 2 flow, including temperature, pres- 

25 sure, and the chemical composition of the gap narrow- 
ing material, may be varied to achieve selective depo- 
sition of the gap narrowing material on the various re- 
gions of the device. For example, if silicon is to be de- 
posited to narrow the trenches 7, one of silane, dichlo- 

30 rosilane, or trichtorosilane may be provided. HCI may 
be included to cause the silicon deposition to be more 
selective, i.e., to cause the silicon to deposit on the sur- 
faces of the micromechanical elements 8 formed in 
function layer 4, but not on the exposed surfaces of the 

35 Si0 2 of sacrificial layer 2. 

[0015] An illustration of this selective deposition is 
shown in Fig. 2a. Fig. 2a is a partial cross-section of the 
device taken along the line IIA-IIA shown in Fig. 1f. Fig. 
2a depicts the arrangement of micromechanical ele- 

^0 ments 8 separated from one another and their respec- 
tive adjacent sections of function layer 4 by trenches 7. 
Prior to initiating the gap narrowing process, the trench- 
es 7 are wider than desired, as indicated by the width 
shown by arrow 12. Once the deposition of the gap nar- 

^5 rowing material is initiated, the material may begin to 
build-up a deposited layer 13 on the upper surface of 
function layer 4 and micromechanical elements 8 and 
on the vertical sides of trenches 7. Deposited layer 1 3 
may increase in thickness as the epitaxial deposition 

50 process continues, until a desired thickness is reached, 
corresponding to a desired inter-element gap 14. In this 
exemplary embodiment, because sacrificial layer 2 is 
composed of Si0 2 and process parameters are control- 
led to provide selective deposition, no gap narrowing 

55 material is deposited at trench bottoms 15. In other 
words, the process parameters are adjusted to cause 
selective deposition in which the gap narrowing materia! 
deposits on the function layer, but not on the sacrificial 
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(Si0 2 ) layer. This ensures that the portions of sacrificial 
layer 1 1 underlying micromechanical elements 8 remain 
exposed to facilitate their possible subsequent removal 
to free micromechanical elements 8. 
[0016] The termination of epitaxial deposition of gap 
narrowing material may be controlled in a variety of 
ways. For example, the gap narrowing deposition proc- 
ess may proceed in a step-wise fashion, with periodic 
halts to permit close examination of the extent of gap 
narrowing thus far achieved. Preferably, the gap narrow- 
ing material deposition may be completed in one step, 
with periodic or continuous monitoring of gap width oc- 
curring throughout the formation of deposition layer 13. 
Such in-process gap width monitoring and deposition 
termination control may be performed by an optical end- 
point detection system. An optical system suitable for 
use with the present invention may detect gap thickness 
by, for example, looking at an interference pattern of re- 
flected light from the surface of the device. Alternatively, 
as in the exemplary embodiment illustrated in Fig. 2b, 
an optical system may compare the reflected light from 
higher surfaces 16 and reflected light from lower surfac- 
es 17 at the bottom of trenches 7. 
[0017] An illustration of non-selective deposition in 
accord with an exemplary embodiment of the present 
invention is shown in Fig. 3. Fig. 3 is a partial cross- 
section of the device taken along the line IIA-IIA shown 
in Fig. 1f. Fig. 3 depicts the arrangement of microme- 
chanical elements 8 separated from one another and 
their respective adjacent sections of function layer 4 by 
trenches 7. The deposition of the gap narrowing material 
may cause build-up of deposited layer 13 on the upper 
surface of function layer 4 and micromechanical ele- 
ments 8 and on the vertical sides of trenches 7. In this 
exemplary embodiment, the process parameters are 
controlled to provide non-selective deposition, and 
therefore the gap narrowing material deposits every- 
where. Therefore, since sacrificial layer 2 is composed 
of Si0 2 and the process parameters are controlled to 
provide non-selective deposition, the gap narrowing 
material may be deposited at trench bottoms 15. Fur- 
thermore, Fig. 3 shows the results of a highly conformal 
deposition, and therefore the deposition of the gap nar- 
rowing material is uniform between the top (portions 
19a) and trench bottoms 15 (portions 19b). In an alter- 
native, non-conformal deposition, the deposition rate 
may be higher at the top (portions 19a) than trench bot- 
toms 15 (portions 19b). A method for removing portions 
19b of deposited layer 13 on the bottom of trenches 7 
and portions 19a on top of micromechanical elements 
8, while leaving portions 20 of deposited layer 13 ar- 
ranged on the vertical sidewalls of micromechanical el- 
ements 8, may be desirable. Fig. 3 shows an exemplary 
method for removing portions 19a and 19b of deposited 
layer 13 by sputtering. Sputtering may involve ionizing 
particles, for example Argon, in a plasma region above 
the surface of the device, then accelerating the ions in 
an electrostatic field in the direction of arrows 21. The 



ions may then impact the surface of the device, thereby 
imparting mechanical energy to the surface of the de- 
vice, thereby dislodging particles from the surface. This 
sputtering may therefore have the effect of removing 
5 material in a mostly uniform manner from surfaces per- 
pendicular to arrows 21. Therefore, the vertical side- 
walls of micromechanical elements 8 may remain rela- 
tively untouched by the ions, and may therefore retain 
some or all of portion 20 of deposited layer 13. 
10 [0018] Following completion of the gap narrowing 
process, micromechanical elements 8 may be released 
from their underlying columns of sacrificial layer material 
using any method. Metals may be added to the device 
after the gap tuning and prior to micromechanical ele- 
15 ment release process steps. 

[0019] In an alternative exemplary embodiment an 
SOI (Silicon On Insulator) wafer may be utilized. The 
insulator layer of the SOI wafer may form a sacrificial 
layer and a top silicon layer of the SOI wafer may form 
20 the top layer. 

[0020] Fig. 4 is a flowchart showing a detailed imple- 
mentation of an exemplary method for tuning the gap 
between micromechanical elements and releasing the 
micromechanical elements from the underlying sacrifi- 
25 cial layer. The process method starts at step 100 with a 
device into which trenches have been etched to define 
an element of a micromechanical structure or device. In 
step 110, which is an optional step in the method, resid- 
ual materials from the trench etching process may be 
30 removed. Step 110 is followed by step 120, placing the 
device in an epitaxial reactor. Step 120 is followed by 
step 130, removing residual oxides from the surface of 
the micromechanical device that remain following the 
trenching process by exposing the surface of the device 
35 to H 2 gas and/or removing silicon residues remaining 
following the trenching process by exposing the surface 
of the device to HCI. Alternatively, step 130 may be 
skipped, and the flow may proceed directly from step 
120 to step 140. Step 130 is followed by step 140, epi- 
40 taxially depositing a gap narrowing material on selected 
surfaces of the device until a desired inter-element gap 
width is achieved. After step 140, the device may be re- 
moved from the epi-reactor. Step 150 removes the ex- 
posed sacrificial layer material by flowing HF gas over 
45 the device. Step 150 is also optional depending on the 
desired device, and therefore the flow may proceed di- 
rectly from step 140 to step 160. Step 160 marks the 
end of the micromechanical element gap tuning and re- 
lease portion of a micromachined device manufacturing 
so process. 

[0021] Figure 5 shows handle wafer 51, which may 
be a silicon wafer, with device layer 52 arranged above 
handle wafer 51 and defining a cavity which is filled by 
sacrificial material 54. Encapsulation layer 53 is ar- 
55 ranged on top of device layer 52 and includes vents 55 
which access sacrificial material 54. Vents 55 may be 
gap tuned in the manner described above by depositing 
gap-tuning layer 57. In a subsequent process step, sac- 
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er, deposition on the sacrificial layer is selec- 
tively avoided by adjusting at least one of a tem- 
perature, a pressure, and a gas composition of 
the epitaxial reactor. 

5 

7. The method of claim 6, wherein the gas composition 
of the epitaxial reactor includes a compound of at 
least one of bromine, chlorine, fluorine and hydro- 
gen. 

10 

8. The method as recited in claim 5, further comprising 
at least one of: 

providing a further sacrificial layer; and 
15 providing a further function layer. 

9. The method as recited in claim 8, wherein the at 
least one of the providing of the further sacrificial 
layer and the providing of the further function layer 

20 js performed before the etching of the outline oper- 
ation. 



rificial material 54 may be etched or release using any 
appropriate technique. In this manner, an exemplary de- 
vice having multiple function layers and multiple sacrifi- 
cial layers maybe constructed, which may include vents 
55 tuned by gap-tuning layer 57 as well as device 56. In 
an alternative exemplary embodiment, more sacrificial 
layers and more function layers may be arranged above 
encapsulation layer 53. 

[0022] While the present invention has been de- 
scribed in connection with the foregoing representative 
embodiment, it should be readily apparent to those of 
ordinary skill in the art that the representative embodi- 
ment is exemplary in nature and is not to be construed 
as limiting the scope of protection for the invention as 
set forth in the appended claims. 



Claims 

1 . A method fortuning a gap between a plurality of fac- 
es of at least one micromechanical element on a 
device, comprising: 

etching an outline of the at least one microme- 
chanical element in a top layer of the device, 
the outline defining at least two opposing faces 
of the plurality of faces of the at least one mi- 
cromechanical element; and 
depositing in an epitaxial reactor a gap-narrow- 
ing layer on the at least two opposing faces of 
the plurality of faces; 

wherein a gap between the at least two op- 
posing faces of the plurality of faces is narrowed by 
the gap-narrowing layer. 

2. The method of claim 1 , wherein the gap-narrowing 
layer includes a silicon layer. 

3. The method of claim 1, wherein the gap-narrowing 
layer includes a germanium layer. 

4. The method of claim 1 , wherein the gap-narrowing 
layer includes a silicon/germanium layer. 

5. The method of claim 1 , wherein the device includes: 

a substrate layer; 

a sacrificial layer deposited on at least a first 
portion of the substrate layer; and 
a function layer deposited on at least a second 
portion of the sacrificial layer to form the top lay- 
er. 

6. The method of claim 5, wherein: 

the sacrificial layer includes silicon dioxide; and 
during the deposition of the gap narrowing lay- 



10. The method as recited in claim 8, further comprising 
etching the further sacrificial layer. 

25 

11. The method of claim 1 , wherein the device includes 
an SOI wafer, an insulator layer of the SOI wafer 
forming a sacrificial layer and a top silicon layer of 
the SOI wafer forming the top layer 

30 

12. The method of claim 1, wherein the depositing op- 
eration further comprises: 

entraining one of silane, dichlorosilane and 
35 trichlorosilane in an H 2 flow; and 

passing the H 2 flow over the device. 

13. The method of claim 1, further comprising: 

4 0 detecting a remaining gap width; and 

terminating the deposition of the gap narrowing 
layer when the remaining gap width is about 
equal to a desired gap width. 

45 14. The method of claim 13, wherein the detecting op- 
eration includes detecting the remaining gap width 
with an optical detector. 

15. The method of claim 14, wherein the optical detec- 
so tor detects an interference pattern from light refract- 
ed from the device. 

16. The method of claim 14, wherein: 

55 the optical detector detects a first light reflection 

reflected from an upper surface of the device 
and a second light reflection reflected from a 
lower surface of the device; 
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the first light reflection includes at least one of 
a first light intensity and a first light phase; 
the second light reflection includes at least one 
of a second light intensity and a second light 
phase; and 5 
a ratio between the first light reflection and the 
second light reflection is determined. 

17. The method of claim 1, wherein the deposition of 

the gap narrowing layer includes a selective depo- 10 
sition process. 

18. The method of claim 1, wherein the deposition of 
the gap narrowing layer includes a conformal dep- 
osition process. 

19. A device comprising: 

a top layer having at least two opposing faces; 
and 

at least two epitaxially deposited layers, each 
of the at least two epitaxially deposited layers 
situated on a respective one of the at least two 
opposing faces, a combined thickness of the at 
least two epitaxially deposited layers tuning a 
gap between the at least two opposing faces. 

20. The device of claim 19, wherein at least one of the 
at least two epitaxially deposited layers includes at 
least one of a silicon layer, a germanium layer and 
a silicon/germanium layer. 



the sacrificial layer includes silicon dioxide; and 
during the deposition of the gap narrowing lay- 
er, deposition on the sacrificial layer is selec- 
tively avoided by adjusting at least one of a tem- 
perature, a pressure, and a gas composition of 
the epitaxial reactor. 

25. The device of claim 19, further comprising an SOI 
wafer, an insulator layer forming a sacrificial layer 
and a top silicon layer forming the top layer. 

26. The device of claim 19, wherein at least one of the 
at least two epitaxially deposited layers is deposited 
in an environment including one of silane, dichlo- 
rosilane, and trichlorosilane, the one of silane, 
dichlorosilane, and trichlorosilane entrained in an 
H 2 flow. 

27. The device of claim 19, wherein the at least two epi- 
taxially deposited layers are deposited in an epitaxy 
reactor environment. 

28. The device of claim 19, wherein the gap between 
the at least two opposing faces defines a desired 
gap width for at least one micromechanical element 
arranged on the device. 

29. The device of claim 19, wherein the at least two epi- 
taxially deposited layers are deposited in a single 
process operation. 



25 



21. The device of claim 19, wherein the at least two op- 
posing faces define at least one micromechanical 
element in the top layer of the device. 

22. The device of claim 19, further comprising: 



a substrate layer; and 

a sacrificial layer deposited on a first portion of *o 
the substrate layer; 

wherein the top layer includes at least one 
function layer epitaxially deposited on at least a sec- 
ond portion of the the sacrificial layer. 45 

23. The device as recited in claim 22, further compris- 
ing: 

a further sacrificial layer arranged below the 50 
substrate layer; 

wherein the further sacrificial layer is released 
from the substrate layer by exposing the device to 
gaseous hydrogen. 55 



24. The device of claim 22, wherein: 
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